1. Cysteamine is oxidized to hypotaurine by an enzyme extracted from horse kidney, with sulphur or sulphide acting as a cofactor. It has been now found that, when the enzyme is omitted, sulphur and sulphide are able to catalyse the oxidation of cysteamine to cystamine by molecular oxygen. 2. Methylene blue may be used in catalytic amounts as a cofactor in the enzymic oxidation of cysteamine to hypotaurine in the place ofsulphur or sulphide. The effect of methylene blue is not lightdependent and is not abolished by catalase. Other redox dyes with Eo higher than that of methylene blue are also used as cofactors. 3. A property common to all the cofactors is that they are necessary for the enzymic process in catalytic amounts, though they depress the final amount of hypotaurine produced when added over a critical concentration. All the cofactors share also the property of being catalysts for the non-enzymic oxidation of cysteamine to cystamine. 4. Methylene blue is reduced by cysteamine under anaerobic conditions, and is reoxidized in the presence of air. The rate of the reduction is not accelerated by the enzyme, indicating that the dye does not act in this reaction as a hydrogen carrier from the enzyme to oxygen. The possible mechanism of action of methylene blue and of the other cofactors is discussed.
1. Cysteamine is oxidized to hypotaurine by an enzyme extracted from horse kidney, with sulphur or sulphide acting as a cofactor. It has been now found that, when the enzyme is omitted, sulphur and sulphide are able to catalyse the oxidation of cysteamine to cystamine by molecular oxygen. 2. Methylene blue may be used in catalytic amounts as a cofactor in the enzymic oxidation of cysteamine to hypotaurine in the place ofsulphur or sulphide. The effect of methylene blue is not lightdependent and is not abolished by catalase. Other redox dyes with Eo higher than that of methylene blue are also used as cofactors. 3. A property common to all the cofactors is that they are necessary for the enzymic process in catalytic amounts, though they depress the final amount of hypotaurine produced when added over a critical concentration. All the cofactors share also the property of being catalysts for the non-enzymic oxidation of cysteamine to cystamine. 4. Methylene blue is reduced by cysteamine under anaerobic conditions, and is reoxidized in the presence of air. The rate of the reduction is not accelerated by the enzyme, indicating that the dye does not act in this reaction as a hydrogen carrier from the enzyme to oxygen. The possible mechanism of action of methylene blue and of the other cofactors is discussed.
An enzyme that catalyses the oxidation of cysteamine to hypotaurine in the presence of elemental sulphur or sulphide has been identified and purified (Cavallini, De Marco & Scandurra, 1962; Cavallini, Scandurra & De Marco, 1963) . In this reaction sulphur is reduced to sulphide by the excess of cysteamine, and sulphide is oxidized to sulphur and polysulphides by molecular oxygen. As a consequence sulphur, sulphide and polysulphides are always present in the incubation mixtures if either sulphur or sulphide has been added ). This finding suggested a possible role of sulphur as hydrogen carrier to oxygen. In the present paper it is shown that other reducible substances can function as cofactors.
MATERIALS AND METHODS
Enzyme preparation. The extraction and purification of the enzyme from horse kidney was reported by Cavallini et al. (1963) . Enzyme purified to step 5, as described in that paper, has been used in the present work. When necessary, the final solution of the enzyme was concentrated by ultrafiltration by using the Ultrafilters of LKB Produkter A.B., Stockholm, Sweden.
Incubation mixtures. Unless stated otherwise each incubation mixture contained: 0-1 ml. of M-potassium phosphate buffer, pH 7-4; 1-2mg. ofenzyme (enzyme concentration was estimated from E1%I = 8-1 at 280m,u); 50 jumoles of cysteamine hydrochloride; cofactor as indicated in the text; water to a final volume of 3 ml. Incubations were performed in stoppered flasks or Warburg vessels shaken at 380, with air as the gas phase. The conventional Warburg apparatus was used for the determination of oxygen uptake. When sulphide was present, no NaOH solution was placed in the centre well, to prevent trapping of sulphide.
Determination ofproduct8. Quantitative determination of hypotaurine and-determination of residual cysteamine or cystamine were performed with [35S ]cysteamine as substrate, by employing a radiochromatographic analysis ofthe final deproteinized solution . Determination of thiols and disulphides was performed by the Folin-Marenzi method as modified by Shinohara (1935) . When sulphide was present in the solutions to be analysed by the Folin-Marenzi method, it was eliminated by acidification with 1-5ml. of 2N-acetic acid followed by suction for 3 min. with a water pump. After the addition of 5 ml. of 2M-sodium acetate the procedure was continued as usual.
Reduction and reoxidation of methylene blue. This was followed by determining the extinction at 690mju in a Coleman photometer. A suitable amount of the incubation mixture was placed in the round-type cuvettes ofthe photometer and shaken at 38°in a Warburg bath. The cuvettes were provided with inlet and outlet tubes to allow bubbling of gas through the solution. At intervals the cuvettes were transferred to the photometer. Anaerobiosis was obtained by passing through the cuvettes nitrogen that had been purified over hot copper and saturated with water. Aero-biosis was obtained by bubbling water-saturated air. The actual rate of reduction of methylene blue was determined in a Beckman model DU spectrophotometer by using a 1 cm. light-path cuvette in the form of a Thunberg tube. Air was removed by boiling at room temperature under vacuum, followed by refilling with pure argon. Evacuation and refilling were repeated three times, the last operation being a refilling with argon under slight pressure.
Chemical&. [35S] Cystamine dihydrochloride (specific activity 23mc/m-mole) was obtained from The Radiochemical Centre, Amersham, Bucks. Labelled cysteamine was produced by thiol-disulphide exchange with an excess of unlabelled cysteamine . Colloidal sulphur was prepared and standardized according to the method of Scandurra, Mosti & Cavallini (1963) .
RESULTS
Cataly8i8 of the non-enzymic oxidation of cy8te-amine to cystamine by sulphur and by suiphide. The addition of sulphide to a solution of cysteamine buffered at pH 7-5, in the absence of the enzyme and of any other catalyst, produces a remarkable acceleration of the oxygen uptake ). This observation suggested that sulphide might act as a catalyst for the non-enzymic oxidation of cysteamine to cystamine by a mechanism that may be of relevance for the enzymic process under study.
When a solution of cysteamine is shaken in the presence of air and of catalytic amounts of sulphur Fig. 1 . Catalysis ofthe non-enzymic oxidation ofcysteamine to cystamine by sulphur and sulphide. Each vessel contained: 0-3ml. of M-potassium phosphate buffer, pH7-4; 50,umoles of cysteamine hydrochloride; water plus additions to a total volume of 3ml. Catalysts were added in the following amounts: 0, none; A, 2,umoles of Na2S; A, 2,tg.-atoms of colloidal S; 0, 2,umoles of Na2S acidified with excess of HCI to remove H2S, then neutralized. Cysteamine was determined by the Folin-Marenzi reagent. At the end of oxidation the amount of cysteamine disappeared was recovered as cystamine. The gas phase was air, and the temperature was 380. or sulphide it disappears rapidly. The effect is evident with 2,umoles of catalyst ( Fig. 1 ) and increases with increasing concentrations of the catalyst (Table 1) . At the end of the experiment, the cysteamine that disappeared was recovered as cystamine. No hypotaurine or other compounds were detected by paper chromatography of the final solution. The catalysis was almost abolished when the solution of sulphide used as catalyst was acidified to remove hydrogen sulphide and then neutralized. This indicates that the effect observed was actually due to sulphide and not to any metal impurity.
A possible explanation of the above findings is that sulphur may act as a hydrogen carrier between cysteamine and molecular oxygen. The ability of sulphur to be reduced to sulphide by thiols has been reported (Smythe, 1942; Meister, Fraser & Tice, 1954) , and the ready oxidation of sulphide to sulphur and polysulphides is well known (Krebs, 1929; Haurowitz, 1941; Abel, 1956) . Thus it may be assumed that sulphur and sulphide, which are always present in the reaction mixture, whichever compound was initially added, form a redox couple reduced by the thiol and oxidized by oxygen:
2RSH + S -+ RSSR + H2S H25+j02 -S+H20
( 1) (2) This mechanism resembles that operative with more traditional catalysts for thiol oxidation (Young & Maw, 1958) . However, an intermediate polysulphide of unknown nature may be the catalyst. This would avoid the large number of steps needed to reduce octoatomic elementary sulphur to sulphide and to reverse this process. Compared with other catalysts like Cu2+ and Fe3+ the catalysis produced by sulphur and sulphide is, however, very poor.
Methylene blue as cofactor in the enzymic oxidation of cysteamine. Since the role ofsulphur and sulphide in the enzymic oxidation of cysteamine to hypotaurine appears to be that of hydrogen carrier to oxygen, it was decided to investigate whether a traditional hydrogen carrier like methylene blue could replace sulphur and sulphide. Methylene blue oxidizes thiols to disulphides (Reid, 1931) , and when it is in the reduced state is readily oxidized by molecular oxygen (Reid, 1930; Macrae, 1931) . As illustrated in Fig. 2 , methylene blue can function in catalytic amounts as a cofactor for the enzymic oxidation of cysteamine to hypotaurine. This is evident from the oxygen consumed in excess of the theoretical amount of 280bd. necessary for the oxidation of 50,umoles of cysteamine to cystamine.
Although catalytic amounts of methylene blue bring about the oxidation of cysteamine to a level of oxidation higher than cystamine, higher concentrations of methylene blue have a depressing effect. This behaviour bears a striking resemblance to that reported for sulphide, which, over a certain
range of concentrations, is inhibitory . Results of some control experiments are collected in Fig. 3 . These indicate that in the absence of enzyme, or with enzyme that has been heated in a boiling-water bath for 5min., the oxygen uptake never exceeds the theoretical amount of 280,u1. necessary for the oxidation to cystamine.
One point that is apparent in Fig. 3 is that, when the enzyme has been boiled or omitted, the oxidation ofcysteamine to cystamine is accelerated by methylene blue and no depression is observed with high concentrations of methylene blue.
Methylene blue undergoes photo-oxidative reactions (Weil, Gordon & Buchert, 1951) . However, we found that when light was excluded from the Warburg vessels the rate of enzymic oxidation of cysteamine in the presence of methylene blue was the same as in diffuse daylight.
In Table 2 are reported the amounts of hypotaurine and cystamine found after incubation of cysteamine under various conditions. Whenever hypotaurine was present a small radioactive ninhydrin-positive spot was also detected at RB040 in water-saturated phenol. This spot, which was identified as taurine, did not account for more than 5% of the hypotaurine produced. This small amount of taurine was presumably formed by the further oxidation of hypotaurine, either spontaneously or by some unknown enzymic side reaction. It was therefore added to the experimental values and reported as hypotaurine. Table 2 Vol. 96 783 Table 2 . Products of the enzymic oxidation of cy8teamine
Hypotaurine, cysteamine and cystamine were determined after incubation for 4hr, by the analytical procedure described in the text. The experimental conditions were as described .in Fig. 2 confirms what is already apparent in Fig. 2 , namely that methylene blue may act as a cofactor in the enzymic oxidation of cysteamine. It is also evident that methylene blue in excess of 0-1,mole/3ml. inhibits the enzymic formation of hypotaurine. No enzymic oxidation occurs when cysteamine is replaced by cystamine ( Table 2) .
Stoicheiometry of the reaction8. Under the conditions described in Fig. 2 , oxygen uptake ceases after 3-4 hr. After this time, cysteamine disappears completely and hypotaurine and cystamine are produced. This indicates that the reactions shown in eqns. (3) and (4) (Table 3) , which suggest that reactions (3) and (4) are the main reactions occurring during the enzymic oxidation ofcysteamine in the presence ofmethylene blue.
Exclu8ion of hydrogen peroxide as an e88ential
intermediate in the enzymic oxidation. The oxidation of reduced methylene blue by molecular oxygen is known to produce hydrogen peroxide (Reid, 1930; Macrae, 1931) , and the oxidation of sulphide is also reported to yield hydrogen peroxide (Haurowitz, 1941) . We therefore investigated whether the role of the cofactor in the enzymic process is that of hydrogen peroxide producer and whether hydrogen peroxide was involved in the oxidation of cysteamine to hypotaurine. For this purpose the enzyme was incubated with cysteamine and methylene blue in the presence of 100,ug. of catalase. However, Fig. 2 shows that the curves for the oxygen uptake in the presence and absence of catalase were identical. In a separate control it was established that cysteamine does not appreciably change the activity of catalase. appear to exclude the possibility that peroxide as such might play a role in tl oxidation of cysteamine to hypotaurine Other sub8tance8 active as a cofactor in I oxidation of cy8teamine. The activity c dyes was related to their redox potentialk The values reported for enzymic activity are volumes of oxygen consumed in ex4 theoretical value of 280,ul. necessary for tion of 50jmoles of cysteamine to cystan experiment was cysteamine present in t form at the end ofthe incubation. Thus tl values are measures of the amount of h produced. Since the effect of methylene with its concentration, the other dyes v at three different concentrations. W chlorophenol-indophenol and thionin ascertained, by using labelled cysteai hypotaurine was actually produced. Wi of the dye, under the conditions de Table 4 , 7-2,umoles of hypotaurine wer in the presence of dichlorophenol-indop (Table 4) . methylene blue all the active dyes are able to r in Table 4 catalyse the oxidation of cysteamine to cystamine cess of the in the absence of the enzyme when tested in the the oxida-range of concentration indicated in Table 4 . nine. In no
The following compounds showed no cofactor he reduced activity: NAD, NADP, FMN, ubiquinone, menahe reported dione, ascorbic acid, folic acid, cytochrome c, ypotaurine haematin, 2,4-dinitrophenol, Fe2+, Cu2+, Zn2+. blue varies Elementary selenium and selenite were active, were tested whereas tellurium and tellurite were not. ith 2,6-diRever8ible non-enzymic reduction of methylene Le it was blue by cy8teamine. The most likely role for methylmine, that ene blue in the non-enzymic oxidation of cysteamine ith 1 ,umole would appear to be that of hydrogen carrier from )scribed in thiol to oxygen, as was assumed for sulphur. Indire obtained cation that this mechanism is operative has been phenol, and obtained by following changes of extinction at 690m,u under anaerobic conditions in mixtures containing cysteamine and methylene blue. The effect he, enzymic of the enzyme on this process has also been investitrine enYnC gated. Cysteamine causes the reduction of methylsrtne ene blue under anaerobic conditions (Fig. 4) . Under d in Fig. 2 . aerobic conditions the reoxidation of the reduced er the theor. dye by molecular oxygen is so fast that the dye is :)xidation of kept in the oxidized form, even when the thiol is ubation was in large excess with respect to the dye. Reoxidation Lt the end of depends strongly on the vigour of oxygenation. If d thiols was air is not bubbled or the vessel is not shaken the ,er the same solution remains colourless, diffusion of-oxygen Long (1961) Thunberg tubes under rigorous anaerobic conditions. The half-reduction time of a solution identical with that described in Fig. 4 in the absence of the enzyme was 18-46 min. (average of eight determinations). The addition of 1, 2 and 4mg. of enzyme caused slight variations that were not statistically significant.
DISCUSSION
The present results indicate that certain reducible dyes may be used as cofactors for the enzymic oxidation of cysteamine to hypotaurine in place of sulphur or sulphide. All the compounds found so far that can act as cofactors for the enzymic oxidation to hypotaurine can also catalyse the non-enzymic oxidation to cystamine. The depression of the final amount of hypotaurine produced, observed when the cofactors are raised above a critical concentration, could be explained by assuming that during the enzymic process two different catalytic reactions are running side by side: one, catalysed by the cofactor, leading to the non-enzymic production of cystamine (reaction 4); the other catalysed by the enzyme, leading to the production of hypotaurine (reaction 3). The increase in concentration of cofactor, when the enzyme is limiting, is likely to favour the non-enzymic oxidation to cystamine.
The inability of the enzyme to accelerate the reduction rate of methylene blue under anaerobic conditions suggests that the role ofmethylene blue as cofactor in the enzymic reaction is not the traditional one of linking the enzyme with oxygen. The inability of cystamine to act as substrate shows, on the other hand, that the function of methylene blue and other cofactors in the enzymic process is not that of producing cystamine. Two reasonable explanations for the role of methylene blue, and possibly for the other cofactors, may then be advanced. The first is that the cofactor could act as an activator for the enzyme molecule; the second is that the catalytic oxidation of cysteamine performed by the cofactors is necessary to produce transient intermediate compounds (thiyl and oxygen radicals), which are used by the enzyme to yield hypotaurine. In the first case the ability of the cofactors to catalyse the oxidation to cystamine is only accidental, whereas in the second case it represents an indispensable preliminary step for the production of the actual substrates for the enzyme.
It is difficult to decide between these two alternatives, although the ability of all the cofactors to catalyse the non-enzymic oxidation of cysteamine to cystamine seems unlikely to be fortuitous. This work was supported by Impresa di Enzimologia del Consigio Nazionale delle Ricerche.
